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Introduction {#sec001}
============

Nervous necrosis virus (NNV), a *Betanodavirus* belonging to the *Nodaviridae* family, is a non-enveloped positive-sense single-stranded RNA virus, which infects various farmed and wild fish species and causes severe financial losses to aquaculture industry worldwide \[[@ppat.1008668.ref001], [@ppat.1008668.ref002]\]. NNV particles are formed by the only external viral structural protein and two genetic RNA segments \[[@ppat.1008668.ref003]\]. Based on the capsid protein (CP) sequences, NNVs are classified into four genotypes, including Striped jack nervous necrosis virus, Tiger puffer nervous necrosis virus, Barfin flounder nervous necrosis virus and Red-spotted grouper nervous necrosis virus (RGNNV) \[[@ppat.1008668.ref004], [@ppat.1008668.ref005]\]. Among them, RGNNV was reported as the most commonly detected and widest geographic distributed cluster of NNV \[[@ppat.1008668.ref006]\].

Viruses utilize viral surface protein to bind to specific receptor(s) present on the host cell surface to invade cells and trigger the viral infection and pathogenesis \[[@ppat.1008668.ref007]\]. The specificity of virus-receptor interaction determines the host range, tissue tropism, and viral pathogenesis. Increasing evidence has shown that viral receptors perform different functions on multiple stages of virus life cycle, such as attachment, penetration, transcription, assembly, and release \[[@ppat.1008668.ref007]--[@ppat.1008668.ref009]\]. Thus, identification of virus receptors and revealing the mechanism of virus-receptor interaction would be critical for better understanding and controlling viral diseases. To date, a plethora of virus receptors have been identified in diverse cells derived from mammal and reptile \[[@ppat.1008668.ref010]\], however, viral receptors for viruses of aquatic animals were rarely reported. Previously, it was reported that NNV entered SSN-1 cells through receptor-mediated, cell surface sialic acid, micro- and macro-pinocytosis pathways \[[@ppat.1008668.ref011]\], and grouper heat shock cognate protein 70 (HSC70) was identified as a potential receptor or co-receptor for NNV \[[@ppat.1008668.ref012]\]. However, it is hard for only one receptor to complete the whole process of viral entry. Therefore, further studies are needed to identify the specific receptor(s) required for NNV entry.

Heat shock protein 90 (HSP90), a highly conserved molecular chaperone, is a key player in a variety of cellular processes, such as cell cycle control, cell survival, cytoskeletal integrity hormone, cell signaling pathways, and immunological functions \[[@ppat.1008668.ref013]--[@ppat.1008668.ref015]\]. The HSP90 family has four isoforms, HSP90α, HSP90β, tumor necrosis factor receptor-associated protein 1 (TRAP1), and glucose-regulated protein 94 (GRP94) \[[@ppat.1008668.ref016]--[@ppat.1008668.ref018]\]. HSP90α, HSP90β, and GRP94 have been reported to participate in viral infection and are crucial for several DNA and RNA viruses for viral protein folding, entry, replication, transport, and assembly \[[@ppat.1008668.ref019]\]. HSP90β, present on the surface of Vero cells, is a binding receptor for Japanese encephalitis virus \[[@ppat.1008668.ref020]\]. Human HSP90β facilitates enterovirus 71 viral particles assembly \[[@ppat.1008668.ref021]\]. HSP90α promotes the stability of herpes simplex virus-1 VP16 \[[@ppat.1008668.ref022]\]. As a putative receptor, chicken HSP90α has been proved essential for infectious bursal disease virus (IBDV) entry into DF-1 cells \[[@ppat.1008668.ref023]\]. GRP94 can block hepatitis C virus l-induced apoptosis \[[@ppat.1008668.ref024]\].

So far, several novel and traditional techniques have been applied to identify virus receptors, such as immunoprecipitation (IP) based on mass spectrometry, affinity chromatography, virus overlay protein binding assay, and haploid genetic screen \[[@ppat.1008668.ref025]--[@ppat.1008668.ref027]\]. CP, as the only structural protein exposed on the surface of NNV particles, is responsible for the attachment of NNV to its susceptible cells \[[@ppat.1008668.ref028]\]. However, the receptor(s) interacting with CP remains enigmatic. In this study, using the embryonic cell line (hMMES1) derived from the marine model fish marine medaka (*Oryzias melastigma*), we identified a CP interacting protein marine medaka heat shock protein 90 kDa alpha, class B, member 1 (MmHSP90ab1), and mapped the interaction region(s) between CP and MmHSP90ab1. Furthermore, we examined the potential of MmHSP90ab1 acting as a functional co-receptor to facilitate RGNNV entry via clathrin-mediated endocytosis. Collectively, our study will provide a prerequisite for future investigations into precise molecular events involved in NNV entry into permissive cells.

Results {#sec002}
=======

MmHSP90ab1 interacts with CP {#sec003}
----------------------------

To identify CP-interacting proteins, we performed an IP assay using anti-GFP antibodies (abs) in *pEGFP-N3* and *pEGFP-CP* plasmids transfected hMMES1 cells, respectively. Coomassie blue staining for SDS-PAGE of the immunoprecipitation showed that lots of specific bands were observed in precipitated proteins of *pEGFP-CP* transfected cells compared to the control group ([Fig 1A](#ppat.1008668.g001){ref-type="fig"}). Then, gels of these bands were analyzed by mass spectrometry, and several candidates of CP-interacting proteins were identified ([S1 Table](#ppat.1008668.s001){ref-type="supplementary-material"}). Among them, MmHSP90ab1 was selected for following studies due to its important role during virus infection. First, Co-IP assay was carried out to confirm the interaction of MmHSP90ab1 and CP. As shown in [Fig 1B and 1C](#ppat.1008668.g001){ref-type="fig"}, MmHSP90ab1 colocalized and coprecipitated with CP. Moreover, His tag pull-down assays confirmed the direct interaction of MmHSP90ab1 with CP ([Fig 1D](#ppat.1008668.g001){ref-type="fig"}). The interaction between CP and HSP90ab1 was also found in another two marine fish species, *Lateolabrax japonicus* and *Bostrychus sinensi* ([Fig 1E](#ppat.1008668.g001){ref-type="fig"}). These results strongly indicate that MmHSP90ab1 binds to CP.

![Marine medaka HSP90ab1 (MmHSP90ab1) interacts with RGNNV capsid protein (CP).\
(A) The lysates of hMMES1 cells transfected with *pEGFP-N3* (Lane 1) or *pEGFP-CP* (Lane 2) plasmids. The precipitated cell proteins with affinity to GFP (lane 3) or GFP-CP (lane 4) were separated by 10% SDS-PAGE and stained with Coomassie blue. Lane M, protein marker. Black arrows indicated the specific bands for mass spectrometry. (B) HEK293T cells were cotransfected with *pCMV-Flag-MmHSP90ab1* and *pCMV-Myc-CP* plasmids. MmHSP90ab1 (Green) and CP (Red) were detected by immunofluorescence staining with anti-Flag or anti-Myc abs, respectively. Nucleus were stained by Hoechst 33342, Bar = 10 μm. (C) Lysates from HEK293T cells transfected with *pCMV-Flag-MmHSP90ab1* and *pEGFP-C*P or *pEGFP-N3* were subjected to immunoprecipitation with anti-GFP abs. Immunoprecipitates and whole-cell lysate (Input) were immunoblotted with anti-GFP and anti-Flag abs. (D) The lysates of HEK293T cells transfected with indicated plasmids were pulled down with purified His-CP or His proteins. The proteins bound to CP and the input were immunoblotted with anti-His and anti-Flag abs. (E) *pCMV-Flag-LjHSP90ab1* or *pCMV-Flag-BsHSP90ab1* and *pCMV-Myc-CP* were cotransfected into HEK293T cells. The cell lysates were immunoprecipitated with anti-Flag abs. The immunoprecipitates and input were immunoblotted with indicated antibodies.](ppat.1008668.g001){#ppat.1008668.g001}

Domain mapping of the association between MmHSP90ab1 and CP {#sec004}
-----------------------------------------------------------

To determine the domain of MmHSP90ab1 required for interaction with CP, various Flag-tagged distinct domains of MmHSP90ab1 were constructed as shown in [Fig 2A](#ppat.1008668.g002){ref-type="fig"}. HEK293T cells were cotransfected with *pCMV-Myc-CP* and different MmHSP90 domains recombinant plasmids, respectively, followed by Co-IP assays. pCMV-Flag-MmHSP90ab1-NM was associated with pCMV-Myc-CP ([Fig 2B](#ppat.1008668.g002){ref-type="fig"}), whereas pCMV-Flag-MmHSP90ab1-NC, pCMV-Flag-MmHSP90ab1-MC, pCMV-Flag-MmHSP90ab1-N, pCMV-Flag-MmHSP90ab1-M, pCMV-Flag-MmHSP90ab1-C lost their abilities to interact with pCMV-Myc-CP ([Fig 2B](#ppat.1008668.g002){ref-type="fig"}), indicating the NM domain of MmHSP90ab1 is required for its interaction with CP. Next, to further examine which domain of CP is required for interaction with MmHSP90ab1, a series of Myc-tagged CP deletion mutants were constructed ([Fig 2C](#ppat.1008668.g002){ref-type="fig"}). MmHSP90ab1 was coprecipitated with pCMV-Myc-CP-ΔARM, pCMV-Myc-CP-Δarm, pCMV-Myc-CP-ΔS or pCMV-Myc-CP-ΔP, but not with pCMV-Myc-CP-ΔLR ([Fig 2D](#ppat.1008668.g002){ref-type="fig"}), suggesting the linker region (LR) of CP was crucial for interaction with MmHSP90ab1. Collectively, these data indicate that MmHSP90ab1 interacts with the LR domain of CP through its NM domain.

![MmHSP90ab1 interacts with the LR domain of CP through its NM Domain.\
(A) Schematic diagram of MmHSP90ab1 and its truncated mutants. (B) HEK293T cells were cotransfected with *pCMV-Myc-CP* and full-length MmHSP90ab1 or its truncated mutants for 48 h. Cell lysates were immunoprecipitated with anti-Flag abs. The immunoprecipitates and input were immunoblotted with the indicated antibodies. (C) Schematic diagram of CP and its deleted mutants. (D) HEK293T cells were cotransfected with Flag-tagged MmHSP90ab1 and different Myc-tagged CP mutants for 48 h. Co-IP assays were performed as described above.](ppat.1008668.g002){#ppat.1008668.g002}

Knockdown or inhibition of MmHSP90ab1 reduces the RGNNV entry {#sec005}
-------------------------------------------------------------

To determine whether MmHSP90ab1 was involved in RGNNV infection, the expression pattern of *MmHSP90ab1* during RGNNV infection was investigated. As shown in [Fig 3A](#ppat.1008668.g003){ref-type="fig"}, *MmHSP90ab1* showed a significant highly expression from 2 to 48 hours post infection (hpi), and the highest expression level was observed at 4 hpi, indicating MmHSP90ab1 might play a vital role in the early stages of infection. Thus, we examined the effect of MmHSP90ab1 on RGNNV entry at 28°C. As shown in [Fig 3B and 3C](#ppat.1008668.g003){ref-type="fig"}, overexpression of MmHSP90ab1 potentiated the entry of RGNNV, whereas knockdown of MmHSP90ab1 by siRNA inhibited RGNNV entry which was restored by the addition of siRNA resistant MmHSP90ab1. Similarly, the treatment of hMMES1 cells with Gan or AUY, the inhibitors of HSP90ab1, significantly decreased RGNNV entry, as suggested by the reduction of CP RNA copies and virus titers in Gan or AUY treated hMMES1 cells ([Fig 3D and 3E](#ppat.1008668.g003){ref-type="fig"}). Furthermore, we investigated the effect of MmHSP90ab1 on RGNNV binding by treating hMMES1 cells with RGNNV at 4°C for 2 h, on this condition, the virus could bind to cells but not entry into cells \[[@ppat.1008668.ref029]\]. Overexpression of MmHSP90ab1 significantly facilitated RGNNV binding, whereas its knockdown led to the opposite effect which was rescued by overexpression of MmHSP90ab1 ([Fig 3F and 3G](#ppat.1008668.g003){ref-type="fig"}). Gan or AUY treatment also significantly impaired RGNNV binding ([Fig 3H](#ppat.1008668.g003){ref-type="fig"}). These results indicate that MmHSP90ab1 participate in RGNNV entry, especially RGNNV binding to hMMES1 cells.

![Effect of MmHSP90ab1 on RGNNV entry.\
(A) Expression analysis of *MmHSP90ab1* in hMMES1 cells at 2, 4, 24 and 48 h post RGNNV infection. (B-E) hMMES1 cells were cotransfected with MmHSP90ab1 siRNA 01 (100 nM) or NC (100 nM) together with *pCMV-Flag* or *pCMV-Flag-MmHSP90ab1* plasmids for 24 h, respectively. Then, cells were infected with RGNNV at 28°C for 4 h (B and C) or at 4°C for 2 h (F and G), the expression of *MmHSP90ab1* (B and F) and the number of viral capsid protein (CP) RNA copies (C and G) were quantified by qRT-PCR. (D and E) hMMES1 cells were treated with ganetespib (Gan) (0.5 μM), AUY922 (AUY) (1 μM), or DMSO (0.1%) for 4 h, then infected with RGNNV at 28°C for 4 h. The number of CP RNA copies and virus titers were measured by qRT-PCR (D) or a plaque assay (E), respectively. (H) hMMES1 cells were treated with ganetespib (Gan) (0.5 μM), AUY922 (AUY) (1 μM), or DMSO (0.1%) for 4 h, then infected with RGNNV at 4°C for 2 h, the amount of attached viral CP RNA copies was quantified by qRT-PCR. The level of *MmHSP90ab1* and the amount of CP RNA copies were normalized to the level of the *β-actin* housekeeping gene. \*, (*p* \< 0.05); \*\*, (*p* \< 0.01).](ppat.1008668.g003){#ppat.1008668.g003}

MmHSP90ab1 localizes on the cell surface {#sec006}
----------------------------------------

To further investigate whether MmHSP90ab1 exists on the surface of cells, we transfected *pCMV-Flag-MmHSP90ab1* into HEK293T cells or hMMES1 cells for IF assays using anti-Flag abs under permeabilized or non-permeabilized conditions. As shown in [Fig 4](#ppat.1008668.g004){ref-type="fig"}, MmHSP90ab1 proteins were observed on the surface of both HEK293T and hMMES1 cells without permeabilization ([Fig 4A](#ppat.1008668.g004){ref-type="fig"}), meanwhile, no immunofluorescent signal was detected on the surface of non-permeabilized cells using anti-Actin abs ([Fig 4B](#ppat.1008668.g004){ref-type="fig"}). In contrast, in permeabilized cells treated with Triton X-100, MmHSP90ab1 proteins were found not only on the cell surface but in the cytoplasm ([Fig 4C](#ppat.1008668.g004){ref-type="fig"}). To further confirm that MmHSP90ab1 is localized on the cell surface, a protease protection assay was carried out. As shown in [Fig 4D and 4E](#ppat.1008668.g004){ref-type="fig"}, the addition of proteinase K resulted in the significant reduction of MmHSP90ab1 protein in nonpermeabilized HEK293T or hMMES1 cells transfected with *pCMV-Flag-MmHSP90ab1* plasmid compared to the control without proteinase K treatment. These data indicate that MmHSP90ab1 can localize on the surface of cells.

![Surface localization of MmHSP90ab1 in HEK293T and hMMES1 cells.\
(A-B) HEK293T and hMMES1 cells transfected with *pCMV-Flag-MmHSP90ab1* plasmid were fixed with formalin without Triton X-100 and immunostained with anti-Flag abs (A) or anti-Actin abs (B), respectively. (C) HEK293T and hMMES1 cells were transfected with *pCMV-Flag-MmHSP90ab1* plasmid, fixed with formalin and treated with Triton X-100. Finally, cells were immunostained with anti-Flag abs. Cell nuclei were stained with Hoechst 33342. Bar = 10 μm. (D and E) HEK293T and hMMES1 cells transfected with *pCMV-Flag-MmHSP90ab1* plasmid were treated with proteinase K (P+) or without proteinase K (P-) and harvested for a Western blot analysis using anti-Flag and anti-Actin abs.](ppat.1008668.g004){#ppat.1008668.g004}

MmHSP90ab1 protein is a surface receptor of RGNNV {#sec007}
-------------------------------------------------

To further substantiate that MmHSP90ab1 is an attachment receptor for RGNNV infection, commercial anti-human HSP90β abs and purified His-tagged MmHSP90ab1 or MmHSP90ab1-NM proteins were used to evaluate the role of MmHSP90ab1 in the virus binding process. As shown in [Fig 5A and 5B](#ppat.1008668.g005){ref-type="fig"}, levels of *CP* and *RDRP* were significantly decreased at 2 and 4 hpi, suggesting that RGNNV attachment was blocked by anti-HSP90β abs. Additionally, recombinant MmHSP90ab1 and MmHSP90ab1-NM proteins significantly reduced the binding of RGNNV to hMMES1 cells in a dose-dependent manner ([Fig 5C--5G](#ppat.1008668.g005){ref-type="fig"}). Similar with MmHSC70, a known NNV receptor, overexpression of MmHSP90ab1 promoted the attachment of RGNNV to the surface of HEK293T cells ([Fig 5H](#ppat.1008668.g005){ref-type="fig"}). The marine medaka challenged with MmHSP90ab1 protein and RGNNV mixtures had a relatively higher survival rate compared with that challenged with His and RGNNV mixtures ([Fig 5I](#ppat.1008668.g005){ref-type="fig"}). Taken together, these results demonstrate that MmHSP90ab1 protein is a surface receptor of RGNNV.

![Blocking assay of RGNNV entry.\
(A and B) hMMES1 cells were incubated with commercial anti-human HSP90β abs (1:50) for 4 h and then infected with RGNNV (MOI = 5) for 2 or 4 h at 4°C. After washed with PBS for three times, cells were harvested for *CP* (A) and *RDRP* (B) expression detection. (C-F) RGNNV was incubated with purified His-MmHSP90ab1 (100 or 500 ng) (C and D) or His-MmHSP90ab1-NM (100 or 500 ng) proteins (E and F) for 4 h at 4°C, then was added to hMMES1 cells which were further incubated for 4 h at 4°C. Cells were washed with PBS for three times and harvested for *CP* (C and E) and *RDRP* (D and F) expression detection. (G) Recombinant expression and purification of His-MmHSP90ab1and His-MmHSP90ab1-NM. Total proteins from *E*. *coli* with His-MmHSP90ab1 (Lane 1) or His-MmHSP90ab1-NM (Lane 2) after IPTG induction; purified recombinant His-MmHSP90ab1 (Lane 3) or His-MmHSP90ab1-NM (Lane 4); lane M, protein marker. (H) HEK293T cells were transfected with *pEGFP-MmHSP90ab1* (MmHSP90ab1), *pEGFP-MmHSC70* (MmHSC70) or *pEGFP-N3* plasmids (C), respectively. Then, transfected cells were infected with RGNNV (MOI = 10) for 4 h at 4°C. Next, the cells were washed to remove any unbound viruses and total RNA was extracted for *CP* detection by qRT-PCR. (I) Survival rates of marine medaka infected with RGNNV and MmHSP90ab1 or His protein mixtures. RGNNV (100 TCID~50~) was mixed with purified His-tagged MmHSP90ab1 recombinant protein or His protein and incubated for 4 h at 4°C. Then fish were intraperitoneally injected with mixtures, respectively. The same volume of PBS was injected as negative control. The cumulative survival rate was determined from 1 to 10 days post-infection. \*, (*p* \< 0.05); \*\*, (*p* \< 0.01), \*\*\*, (*p* \< 0.001).](ppat.1008668.g005){#ppat.1008668.g005}

MmHSC70 interacts with MmHSP90ab1-CP complex {#sec008}
--------------------------------------------

It has been reported that the grouper HSC70, functioning as an NNV receptor or co-receptor protein, participates in the NNV entry of GF-1 cells by interacting with CP \[[@ppat.1008668.ref012]\]. Thus, we examined whether CP also interacted with marine medaka HSC70 (MmHSC70) through Co-IP assays. CP was shown to coprecipitate with MmHSC70 ([Fig 6A](#ppat.1008668.g006){ref-type="fig"}). In addition, MmHSP90ab1-MmHSC70 interaction was also found ([Fig 6A](#ppat.1008668.g006){ref-type="fig"}). To map CP domains involved in CP-MmHSC70 binding, HEK293T cells were transfected with Flag-MmHSC70 and CP deletion mutants. Co-IP assays showed that the ARM domain of CP was responsible for its association with MmHSC70 ([Fig 6B](#ppat.1008668.g006){ref-type="fig"}). As expected, both MmHSC70 and MmHSP90ab1 proteins were coimmunoprecipitated with CP ([Fig 6C](#ppat.1008668.g006){ref-type="fig"}), indicating a CP-MmHSC70-MmHSP90ab1 complex was formed.

![The interactions among MmHSP90ab1, MmHSC70 and CP.\
(A) HEK293T cells were cotransfected with *pCMV-Myc-MmHSC70* and *pCMV-Flag*, *pCMV-Flag-CP* or *pCMV-Flag-MmHSP90ab1* plasmids for 48 h, respectively. Cell lysates were immunoprecipitated with anti-Flag abs and analyzed by western blotting with anti-Myc and anti-Flag abs. (B) Flag-tagged MmHSC70 and different Myc-tagged CP mutants were cotransfected into HEK293T cells. Co-IP assays were performed as described above. (C) HEK293T cells were cotransfected with indicated expression plasmids for 48 h. Co-IP assays were performed using anti-Flag abs. Cell lysates and immunoprecipitated proteins were analyzed by western blotting using anti-Myc, anti-Flag, and anti-GFP abs.](ppat.1008668.g006){#ppat.1008668.g006}

MmHSP90ab1 is involved in the internalization of RGNNV {#sec009}
------------------------------------------------------

Once viral structural proteins interact with cellular receptors, it will further activate the cellular endocytic pathways to successfully enter host cells. A series of experiments were performed to examine whether MmHSP90ab1 functions in the step of RGNNV internalization. First, the CP anti-reverse sequences (CP (-)), which is a replicative intermediate for production of viral RNAs, were detected in MmHSP90ab1 or MmHSC70-overexpressing HEK293T cells post RGNNV infection, but not in empty vector transfected cells ([Fig 7A](#ppat.1008668.g007){ref-type="fig"}). Secondly, similar to hMMES1 cells, lots of viral particles were observed in the cytoplasm of MmHSP90ab1 or MmHSC70-overexpressing HEK293T cells post RGNNV infection ([Fig 7B](#ppat.1008668.g007){ref-type="fig"}). The internalization of RGNNV into the HEK293T-MmHSP90ab1 cells was further evidenced by the intracellular immunofluorescence localization of CP at 24 hpi ([Fig 7C](#ppat.1008668.g007){ref-type="fig"}). These results suggest that MmHSP90ab1 is not only important for attachment but for internalization.

![MmHSP90ab1 was involved in RGNNV internalization.\
(A) RT-PCR analysis of *CP (-)* sequence. HEK293T cells were transfected with *pEGFP-N3* empty vector (1, 5, and 9), *pEGFP-MmHSP90ab1* (2, 6, and 10), *pEGFP-MmHSC70* (3, 7 and 11), or both *pEGFP-MmHSP90ab1* and *pEGFP-MmHSC70* (4, 8, and 12) plasmids for 24 h, respectively. Then cells were infected with RGNNV (MOI = 5) for 4 h. Next, the cells were washed to remove any unbound viruses and incubated for 24 h (1--4), 48 h (5--8) and 72 h (9--12). Cells were harvested and total RNA was extracted for *CP (-)* detection by qRT-PCR. Human *18S rRNA* was detected as reference. (B) Transmission electron micrograph of RGNNV-infected hMMES1 cells and HEK293T cells transfected with *pEGFP-N3* empty vector, *pEGFP-MmHSP90ab1* or *pEGFP-MmHSC70* with 80,000 magnifications. Bar = 200 nm. (C) Immunofluorescence analysis of MmHSP90ab1 and CP proteins. HEK293T cells transfected with *pCMV-Flag* empty vector or *pCMV-Flag-MmHSP90ab1* were infected with RGNNV (MOI = 5) for 24 h, CP (Green) and MmHSP90ab1 (Red) were detected by immunofluorescence staining. Cell nuclei were stained with Hoechst 33342. Bar = 10 μm.](ppat.1008668.g007){#ppat.1008668.g007}

MmHSP90ab1-mediated RGNNV internalization is clathrin-dependent {#sec010}
---------------------------------------------------------------

Clathrin-mediated endocytosis (CME) was previously reported as the primary route of RGNNV internalization, so we wonder whether the MmHSP90ab1-mediated internalization of RGNNV was clathrin-dependent. In the hMMES1 cells treated with CPZ, an effective inhibitor of CME, the amount of internalized RGNNV was significantly reduced in a dose-dependent manner ([Fig 8A](#ppat.1008668.g008){ref-type="fig"}), demonstrating that RGNNV entered RGNNV-permissive cells via CME. Further studies showed that CPZ dose-dependently reduced MmHSP90ab1-mediated internalization of RGNNV in MmHSP90ab1-overexpressing HEK293T cells ([Fig 8B](#ppat.1008668.g008){ref-type="fig"}), indicating MmHSP90ab1-mediated internalization was clathrin-dependent. In addition, Co-IP showed that MmHSP90ab1 and MmHSC70 were associated with marine medaka Clathrin (MmClathrin), synchronously or respectively ([Fig 8C--8E](#ppat.1008668.g008){ref-type="fig"}). Taken together, these results suggest that MmHSP90ab1 facilitate RGNNV internalization through CME.

![MmHSP90ab1 facilitated RGNNV internalization via clathrin-mediated endocytosis (CME).\
(A) RGNNV entered into hMMES1 cells through the CME pathway. hMMES1 cells were pretreated with different concentrations of CPZ (0, 20, 40 and 60 μM) for 2 h, then infected with RGNNV (MOI = 10) for 1 h at 4°C. Next, the cells were washed to remove any unbound viruses and incubated at 28°C for 4 h. The expression of *CP* mRNA was detected by qRT-PCR. DMSO was used as control. \*, (*P* \< 0.05); \*\*, (*P* \< 0.01). (B) CME was involved in MmHSP90ab1-mediated RGNNV internalization. HEK293T cells were transfected with *pEGFP-MmHSP90ab1* plasmid, then were treated as described above. The expression of *CP* mRNA was detected by qRT-PCR. \*\*, (*P* \< 0.01). (C) MmHSP90ab1 was associated with MmClathrin heavy chain. HEK293T cells were cotransfected with *pEGFP-MmHSP90ab1* and *pCMV-Flag-MmClathrin* or *pCMV-Flag* plasmids for 48 h, respectively. Cell lysates were immunoprecipitated with anti-Flag abs and analyzed by western blotting with anti-GFP and anti-Flag abs. (D) MmHSC70 was associated with MmClathrin heavy chain. *pCMV-Myc-MmHSC70* and *pCMV-Flag-MmClathrin* or *pCMV-Flag* were contransfected into HEK293T cells. Co-IP assays were performed with anti-Flag abs as above. (E) HEK293T cells were cotransfected with indicated expression plasmids for 48 h. Co-IP assays were performed using anti-Flag abs. Cell lysates and immunoprecipitated proteins were analyzed by western blotting using anti-Myc, anti-Flag, and anti-GFP abs.](ppat.1008668.g008){#ppat.1008668.g008}

Discussion {#sec011}
==========

Virus receptors are pivotal for virus host tropism \[[@ppat.1008668.ref030], [@ppat.1008668.ref031]\]. Although NNV has a wide host tropism and can infect more than 120 marine and freshwater fish species \[[@ppat.1008668.ref002]\], to date, only HSC70 was identified as an attachment receptor for NNV \[[@ppat.1008668.ref012]\]. Thus, it is still an important and urgent task to identify NNV receptors or co-receptors and clarify their mechanisms of action. In the present study, MmHSP90ab1 was identified as a functional component of receptor complexes for RGNNV for the first time.

HSP90ab1, also known as HSP90β, is a member of the HSP90 family that interacts with a set of co-chaperones and plays essential roles in various cellular processes \[[@ppat.1008668.ref032]\]. Here, utilizing an IP assay followed by MS, we identified lots of potential proteins interacting with CP, and the interaction between MmHSP90ab1 and CP was further reconfirmed by co-focusing, Co-IP and pull-down assays. Furthermore, we found that the interaction of HSP90ab1 with CP was conserved across fish species which were susceptible to NNV, indicating HSP90ab1 might play important roles in RGNNV infection. Structurally, our results showed that the NM domain (containing regions NTD, CL, and MD) of MmHSP90ab1 was required for its interaction with CP. However, the CL region, which is important for HSP90 client protein folding \[[@ppat.1008668.ref033]\], was not necessary for MmHSP90ab1-CP interaction ([S1 Fig](#ppat.1008668.s003){ref-type="supplementary-material"}). All these results indicate that targeting MD and NTD of MmHSP90ab1 may be an effective approach for interfering RGNNV infection. For the distinct regions of CP as described by Chen et al \[[@ppat.1008668.ref034]\], we further found the LR domain of CP was critical for its interaction with MmHSP90ab1. Further detailed studies are needed to determine the exact amino acid of MmHSP90ab1 in NM that is responsible for MmHSP90ab1-CP interaction.

Here, the binding and entry of RGNNV were significantly inhibited not only by MmHSP90ab1 special siRNA but HSP90 inhibitors Gan and AUY in hMMES1 cells, suggesting that MmHSP90ab1 plays an important role in RGNNV binding and entry. Previously, multiple studies have reported that HSP90β was a cellular receptor for Japanese encephalitis virus \[[@ppat.1008668.ref020]\], dengue virus \[[@ppat.1008668.ref026]\], and enterovirus 71 \[[@ppat.1008668.ref035]\]. Considering the interaction of CP and MmHSP90ab1 and its involvement with RGNNV binding, we speculated that MmHSP90ab1 might be a receptor for RGNNV. To verify the hypothesis, a series of experiments were carried out. First, IF assays carried out on non-permeabilized cells revealed that MmHSP90ab1 proteins were expressed on the cell surface of HEK293T and hMMES1 cells, which was consistent with the increasing evidence that HSP90β proteins were not only localized in the cytoplasm but also on the cell surface \[[@ppat.1008668.ref021], [@ppat.1008668.ref026], [@ppat.1008668.ref036]\]. Secondly, we found that anti-human HSP90β abs significantly inhibited RGNNV binding which further supported the conclusion that the N-terminus domain of MmHSP90ab1, recognized by anti-human HSP90β abs, was vital for CP-MmHSP90ab1 interaction. The fact that recombinant MmHSP90ab1 and MmHSP90ab1-NM proteins blocked RGNNV entry in a dose-dependent manner was probably another piece of evidence to indicate that MmHSP90ab1 was a receptor for RGNNV in hMMES1 cells. In addition, the results of animal experiments showed that MmHSP90ab1 protein partially protected marine medaka from RGNNV infection. These results supported the conclusion of MmHSP90ab1 as a novel functional receptor for RGNNV infection. Considering interactions of CP and HSP90ab1 of *O*. *melastigma*, *L*. *japonicus* and *B*. *sinensis*, we speculated that HSP90ab1 might be a universal receptor for RGNNV in fish.

The virus entry is a complex process, in which the host receptors may not work alone \[[@ppat.1008668.ref019]\]. Previously, grouper HSC70 has been identified as a potential receptor or co-receptor interacting with CP in the early stages of grouper NNV (GNNV) infection \[[@ppat.1008668.ref012]\]. Herein, we also reported the interaction of CP and MmHSC70, indicating this interaction was conservative among different fish species. The ARM domain of CP is thought to play an important role in virus particle assembly \[[@ppat.1008668.ref034]\]. Here, CP ARM was identified as a critical region for the interaction between CP and MmHSC70, suggesting ARM might have novel molecular function. As expect, CP, MmHSP90ab1, and MmHSC70 formed a complex, therefore, it is reasonable to assume that NNV can simultaneously use MmHSP90ab1 and MmHSC70 as receptors for its entry. The P domain of CP is a major distinct region between different genotypes of the genus *Betanodavirus* \[[@ppat.1008668.ref037]\]. It has been reported that a PEG-binding site on the P domain of GNNV CP seems to favor GNNV infection, several hypervariable regions on the P domain are good candidates for host specificity determinants \[[@ppat.1008668.ref028], [@ppat.1008668.ref038]\], implying the participation of some other unidentified receptor(s) interacting with CP P domain during RGNNV infection.

Previous study demonstrated that RGNNV could attach to HEK293T cells and replicate in HEK293T cells transfected with viral RNA, but could not penetrate them \[[@ppat.1008668.ref039]\]. Here, we found that overexpression of MmHSP90ab1 not only promoted the binding of RGNNV to HEK293T cells, but also RGNNV internalization, as indicated by the detection of CP anti-reverse sequence, a replication form of viral RNAs \[[@ppat.1008668.ref040]\], CP proteins and lots of viral particles in MmHSP90ab1-overexpressing HEK293T cells. All these findings indicate that MmHSP90ab1 can facilitate RGNNV internalization independently. The CME pathway is the common endocytosis pathway utilized by all kinds of viruses to enter the host cells. Several studies have demonstrated that the principal route of RGNNV into host cells is the CME pathway \[[@ppat.1008668.ref041]\]. HSC70 and its co-chaperones were known to be involved in and played vital roles in the CME pathway \[[@ppat.1008668.ref042], [@ppat.1008668.ref043]\]. In the present study, we found that MmHSP90ab1 aided in RGNNV internalization through the CME pathway. Meanwhile, MmHSP90ab1 and MmHSC70 both associated with MmClathrin heavy chain and formed a complex of MmHSP90ab1-MmClathrin-MmHSC70. Topologically, HSP90 and HSC70 are cytosolic proteins, while increasing evidence reveals the presence of HSP90 and HSC70 on the cell surface in recent years \[[@ppat.1008668.ref044]--[@ppat.1008668.ref046]\]. Such surface exposed HSP90 and HSC70 proteins participate in the viral entry by functioning as receptor or co-receptor of multiple viruses, such as dengue virus, enterovirus 71 and rotavirus \[[@ppat.1008668.ref026], [@ppat.1008668.ref035], [@ppat.1008668.ref047]\]. Therefore, it is reasonable to speculate that RGNNV may bind to surface exposed HSP90ab1 and HSC70 alone or together, or the other unidentified receptors on the cell surface, then, CP, its receptors, and clathrin form a protein complex which facilitates RGNNV enter host cells through the CME pathway ([Fig 9](#ppat.1008668.g009){ref-type="fig"}). Future work will be necessary to further define the physiological roles of HSC70 and HSP90ab1 during CME.

![Model of the role of MmHSP90ab1 in RGNNV entry into host cells.\
During infection, RGNNV might attach to cells by the interaction between CP and HSP90ab1, HSC70 or other receptor(s) on the cell surface. Then, CP, its receptor(s), and clathrin formed a protein complex that facilitated RGNNV internalization through the clathrin-mediated endocytosis pathway.](ppat.1008668.g009){#ppat.1008668.g009}

In addition to functioning as a virus receptor or co-receptor on the cell surface, multiple studies have reported that HSP90ab1 also plays crucial roles in different phases of the virus life cycle, such as viral assembly, replication, and nuclear translocation. For instance, HSP90β (HSP90ab1) enhanced enterovirus 71 viral particles assembly \[[@ppat.1008668.ref021]\]. HSP90ab1 rescued ritonavir-resistant HIV replication \[[@ppat.1008668.ref048]\]. HSP90ab1 was incorporated into HIV virions and could rescue the infectivity of HIV with defective cores \[[@ppat.1008668.ref049]\]. Hsp90β (HSP90ab1) facilitated the nuclear transfer of Epstein-Barr virus DNA polymerase \[[@ppat.1008668.ref050]\]. Thus, further experiments directed to analyze the intracellular signaling induced by MmHSP90ab1 and CP interaction and the multifactorial role of MmHSP90ab1 in other stages of RGNNV replication cycle are being performed in our laboratory.

In summary, MmHSP90ab1 was identified as a novel functional attachment receptor for RGNNV. Moreover, MmHSP90ab1 was involved in and facilitated RGNNV internalization through the CME pathway. Our findings would be beneficial to extend our understanding of the host cell response and pathogenesis mechanism of RGNNV and shed a new insight into the development of novel antiviral therapies.

Material and methods {#sec012}
====================

Animal ethic statements {#sec013}
-----------------------

All procedures with marine medaka were approved by the Ethics Committee of Sun Yat-Sen University and the methods were carried out following the approved guidelines.

Cells, virus, and reagents {#sec014}
--------------------------

hMMES1 cell line was established from marine medaka embryo blastocysts and was susceptible to RGNNV. hMMES1 cells were cultivated in ESM4 medium at 28°C as previously described \[[@ppat.1008668.ref051]\]. HEK293T cells were cultured in DMEM medium supplemented with 10% heat-inactivated fetal bovine serum (FBS, Gibco, Invitrogen) and incubated at 37°C with 5% CO~2~.

RGNNV originally was isolated from diseased sea perch larvae and juveniles in Guangdong Province of China and proliferated in LJB cells \[[@ppat.1008668.ref052], [@ppat.1008668.ref053]\]. Virus stocks were stored at −80°C for use.

Anti-Flag (M20008), anti-Myc (M20002), anti-Actin (P30002), and anti-His abs (M20001L) were purchased from Abmart (Guangzhou, China); Anti-human HSP90β abs (ab236282) were purchased from Abcam; Anti-GFP abs (G1544) were purchased from Sigma (St. Louis, MO, USA). The secondary antibody goat anti-rabbit IgG-HRP was purchased from Cell Signaling Technology (Danvers, MA, USA); Alexa Fluor 488-labeled donkey anti-rabbit IgG and Alexa Fluor 555-labeled goat anti-mouse IgG secondary abs, Hoechst 33342, and phenylmethylsulfonyl fluoride (PMSF) were purchased from Invitrogen Corporation (Carlsbad, CA, USA). Proteinase K (1245680100) was purchased from Solarbio (Beijing, China). Triton X-100 was obtained from Sigma-Aldrich. Pharmaceutical grade ganetespib (Gan) and NVP-AUY922 (AUY) were purchased from Beyotime (Guangzhou, China) and prepared as a 10 mM stock in dimethyl sulfoxide (DMSO).

Plasmid construction {#sec015}
--------------------

Plasmids expressing full-length MmHSP90ab1 (GenBank accession number XM_024290541.1) were amplified by PCR and cloned into *pCMV-Flag* (Clontech) and *pEGFP-N3* vectors (Clontech), respectively. Coding regions of RGNNV CP (KP455642) were cloned into *pCMV-Flag*, *pCMV-Myc* (Clontech), *pEGFP-N3*, and *pET-32a (+)* (Clontech) vectors, respectively. Clathrin heavy chain of marine medaka (Ensomet00000024422.1) was cloned into *pCMV-Flag*. MmHSP90ab1 and CP truncations were constructed using standard molecular biology techniques. MmHSP90ab1 and MmHSP90ab1-NM was cloned into *pET-32a (+)* vectors, respectively. The ORFs of HSP90ab1 of *L*. *japonicus* (LjHSP90ab1) and *B*. *sinensis* (BsHSP90ab1) were cloned into the *pCMV-Flag* vector to generate plasmids *pCMV-Flag-LjHSP90ab1* and *pCMV-Flag-BsHSP90ab1*, respectively. Primers are listed in [S2 Table](#ppat.1008668.s002){ref-type="supplementary-material"}. All plasmid constructs were examined and confirmed via DNA sequencing.

Immunoprecipitation (IP) screen assays and SDS-PAGE {#sec016}
---------------------------------------------------

IP experiments were performed as described previously with some modifications \[[@ppat.1008668.ref054]\]. hMMES1 cells were transfected with *pEGFP-N3* or *pEGFP-CP* plasmids using Lipofectamine 3000 (Invitrogen), respectively. At 48 h after transfection, cells were lysed with lysis buffer (20mM Tris \[pH7.5\], 150mM NaCl, 1% Triton X-100, sodium pyrophosphate, β-glycerophosphate, EDTA, Na~3~VO~4~, leupeptin and PMSF) on ice for 30 min. Protein A/G magnetic beads (MCE) were prepared with anti-GFP abs in a rotation wheel for 2 h. The cell lysates were then centrifuged at 12,000g for 15 min. The supernatants were preabsorbed into beads with anti-GFP abs. After incubation at 4°C overnight, beads were washed five times with 1ml of wash buffer on a roller for 5 min each time, followed by centrifugation at 2,000g at 4°C for 3 min. The final pellets for pEGFP-N3 or pEGFP-CP were analyzed through 10% SDS-PAGE and protein bands in the gel were stained with Coomassie brilliant blue.

Mass spectrometry (MS) analysis {#sec017}
-------------------------------

Specific protein bands of the IP immunocomplex (pEGFP-CP) on SDS-PAGE gel were cut and processed for liquid chromatography-tandem mass spectrometry (LC-MS/MS) (Probability-based protein identification by searching sequence databases using mass spectrometry data). The coding region of each protein was identified by blasting against National Center for Biotechnology Information (NCBI) protein database and expressed sequence tag (EST) sequences by using Mascot Server (Matrix Science). Ions score was -10\*Log (P), where P means the probability of the randomly observed match. Individual ion scores \>19 indicated identity or extensive homology (*P* \< 0.05). Only the top-ranked peptide matches were taken into consideration for protein identification.

Co-IP assays {#sec018}
------------

Co-IP assays were performed as described previously \[[@ppat.1008668.ref054]\]. HEK293T cells in 25-cm^2^ dishes were cotransfected with 10 μg of different plasmid combinations as indicated. At 24 h post-transfection, cells were washed twice with 10 ml ice-cold PBS and lysed in 300 μl lysis buffer (20mM Tris \[pH7.5\], 150mM NaCl, 1% Triton X-100, sodium pyrophosphate, β-glycerophosphate, EDTA, Na~3~VO~4~, leupeptin and PMSF) at 4°C for 1 h on a rocker platform. Protein A/G magnetic beads were prepared with anti-Flag or anti-Myc abs in a rotation wheel for 2 h. The cell lysates were then centrifuged at 12,000g for 15 min and the supernatants were preabsorbed into beads with indicated abs overnight at 4°C with constant agitation. The beads were washed five times with 1 ml of wash buffer on a roller for 5 min every time, followed by centrifugation at 2,000g at 4°C for 3 min. Final immunoprecipitates and the whole cell lysates were resuspended in SDS loading buffer and analyzed by immunoblotting (IB) using indicated abs.

His fusion protein expression and pull-down assays {#sec019}
--------------------------------------------------

For bacterial expression of His-CP fusion proteins, *pET-32a (+)-CP* plasmids were transformed into *E*. *coli* BL21(DE3) which was cultured in 50 ml of LB medium containing 0.5 mM isopropyl-1-thio-*β*-D-galactopyranoside (IPTG) at 18°C overnight with agitation at 120 rpm. Then, cells were pelleted by centrifugation and lysed in lysis buffer (100 mM Sodium-Phosphate \[pH 8.0\], 600 mM NaCl, 0.02% Tween-20) via sonication on ice. After centrifugation at 15,000g at 4°C for 20 min, the lysate supernatant containing His-tagged proteins was affinity-purified with Dynabead His-Tag magnetic beads (Invitrogen) and used for pull-down assays.

His pull-down assays were performed as described previously with some modifications \[[@ppat.1008668.ref054]\]. His-CP-magnetic beads were washed three times with lysis buffer to remove unbound His-CP and were used to bind Flag-tagged protein from the lysates of HEK293T cells transfected with *pCMV-Flag-MmHSP90ab1* or *pCMV-Flag* empty vectors, respectively. After incubation at 4°C overnight, the beads were washed and analyzed via immunoblot analysis using anti-Flag abs to detect Flag-MmHSP90ab1 proteins. His alone was also prepared and served as a negative control.

Immunoblot analysis {#sec020}
-------------------

IB assays were performed as described previously \[[@ppat.1008668.ref054]\]. Immunoprecipitates or whole cell lysates were separated on a 10% SDS-PAGE gel and transferred onto polyvinylidene difluoride (PVDF) membranes (Bio-Rad Laboratories) that were subsequently blocked with TBST buffer (25 mM Tris-HCl, 150 mM NaCl, 0.1% Tween-20 \[pH 7.5\]) containing 5% nonfat dried milk for 1 h at room temperature (RT). Thereafter, the membranes were probed with the indicated primary abs in an appropriate dilution at 4°C overnight. Following three times wash with TBST, the membranes were further incubated with secondary abs for 1 h at RT. Immunoreactive bands were visualized after three additional washes with TBST buffer.

RGNNV infection and RNAi {#sec021}
------------------------

hMMES1 cells were seeded into 24-well plates at 3×10^4^ cells per well and infected with RGNNV (MOI = 1) for 2, 4, 24, and 48 h, respectively. At different time points, cells were harvested for RNA isolation using the RNA extraction kit (Takara) according to the manufacturer's instructions.

Three short interfering RNAs (siRNAs) targeting MmHSP90ab1 were designed by Ribobio Company (Guangzhou, China). Sequences of siRNAs against *MmHSP90ab1* mRNA were as follows: siRNA 01 (`5’-CTACTACATCACTGGTGAA-3’`), siRNA 02 (`5’-GAAGACCAAACAGAGTACA-3’`), and siRNA 03 (`5’-TCGACATCATCCCTAACAA-3’`). A control siRNA (NC) that has no homology with *MmHSP90ab1* mRNA was used as a control. hMMES1 cells were transfected separately with MmHSP90 siRNA or NC together with *pCMV-Flag* or *pCMV-Flag-MmHSP90ab1* plasmids using Lipofectamine 3000 according to the instructions of the manufacturer. Twenty-four hours after transfection, cells were infected with RGNNV (MOI = 5) for 4 h at 28°C for virus entry or for 2 h at 4°C for virus binding, respectively. Total RNA of cells was extracted for quantitative real-time polymerase chain reaction (qRT-PCR).

Gan and AUY922 treatment {#sec022}
------------------------

For MmHSP90ab1 inhibition experiments, hMMES1 cells were pretreated with Gan (0.5 μM) or AUY922 (1 μM) for 4 h prior to RGNNV infection at 28°C for 4 h for virus entry or at 4°C for 2 h for virus binding, respectively. Cells treated in parallel with DMSO served as controls. Total RNA of cells was extracted for viral RNA analyses.

To detect the viral titers, hMMES1 cells pretreated with Gan or AUY922 were infected with RGNNV at 28°C for 4 h, the culture medium was removed and incubated with fresh medium for 48 h, then the supernatant was collected for viral titer assay as described previously \[[@ppat.1008668.ref052]\].

Immunofluorescence (IF) assays {#sec023}
------------------------------

To examine the localization of MmHSP90ab1 proteins on cells, IF assays were performed as described previously with some modification \[[@ppat.1008668.ref054]\]. Briefly, hMMES1 and HEK293T cells were seeded into 12-well culture plates on glass coverslips and were separately transfected with *pCMV-Flag* and *pCMV-Flag-MmHSP90ab1* plasmids, respectively. After transfection for 36 h, cells were washed with PBS, fixed with 4% paraformaldehyde for 10 min at RT. One group was treated with 0.2% Triton X-100 for membrane permeabilization, and the other was not. After being washed three times with PBS, cells were blocked with PBS containing 5% bovine serum albumin at RT for 1 h and then reacted with anti-Flag abs (1:200) at 4°C overnight. Anti-Actin abs were used as negative control. After three times wash with PBS, cells were incubated with Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen) at a dilution of 1:100 for 1 h at RT. Cells were then washed with PBS and stained the cell nuclei with Hoechst 33342 for 10 min. Finally, cells were observed under a confocal microscope (LSM510; Zeiss, Germany).

For assessment of the colocalization of MmHSP90ab1 and CP, HEK293T cells were cotransfected with *pCMV-Flag-MmHSP90ab1* and *pCMV-Myc-CP* plasmids. After transfection for 36 h, cells were washed with PBS then fixed and permeabilized as described above. The cells were incubated with both mouse anti-Myc and rabbit anti-Flag abs at a dilution of 1:200 at 4°C overnight, and then detected with Alexa Fluor 555 goat anti-mouse IgG (Invitrogen) and Alexa Fluor 488 donkey anti-rabbit IgG (Invitrogen). Samples were viewed and evaluated by confocal microscopy.

For RGNNV entry detection, HEK293T were transfected with *pEGFP-MmHSP90ab1* for 24 h, and then infected with RGNNV. After infection for 24 h, the cells were detected with IF assays, cells were incubated with rabbit anti-CP abs and detected as described above.

Proteinase K protection assay {#sec024}
-----------------------------

The proteinase K protection assay was performed as described previously with some modification \[[@ppat.1008668.ref055]\]. Briefly, hMMES1 and HEK293T cells were seeded into 6-well culture plates and transfected with *pCMV-Flag-MmHSP90ab1* plasmids for 24 h. After washed with PBS for three times, one group of cells were treated with 10 μg/ml of proteinase K for 30 min in an ice-water bath, another group was added with the same volume of PBS, the reaction was stopped by addition of PMSF. Cells were then lysed with lysis buffer on ice for 30 min, the whole cell lysates were resuspended in SDS loading buffer and analyzed by Western blot using anti-Flag or anti-Actin abs.

Blocking assays {#sec025}
---------------

hMMES1 cells were pre-seeded in 24-well plates overnight. Due to the unavailability of anti-MmHSP90ab1 abs and the high homogeneity of HSP90β (HSP90ab1) at the N-terminus domain between human and fish, cells were incubated with anti-human HSP90β abs (1:50) (Invitrogen) for 3 h at 28°C. After washed with fresh media, cells were infected with RGNNV (MOI = 5) at 4°C for 2 and 4 h, respectively. As a control, hMMES1 cells were in parallel pretreated with normal rabbit IgG. Cells were then washed three times with PBS to remove free virus particles and harvested for total RNA extraction and qRT-PCR detection of RGNNV *CP* and *RDRP*.

His-MmHSP90ab1 and His-MmHSP90ab1-NM proteins were affinity-purified as described above. RGNNV (10^3^ TCID~50~) were incubated with different concentrations (100 or 500 ng) of recombinant MmHSP90ab1 or recombinant MmHSP90ab1-NM proteins for 4 h at 4°C. Then, hMMES1 cells were incubated with virus and protein mixtures for 4 h at 4°C. Similarly, cells were treated with 10^3^ TCID~50~ of RGNNV preincubated with BSA (500 ng) as a control. Then, cells were harvested, *CP* and *RDRP* mRNA were measured as described above.

qRT-PCR analysis {#sec026}
----------------

qRT-PCR was performed in a LightCycler 480 Ⅱ thermal cycler (Roche Applied Science, Germany) with the cycling conditions of 95°C for 30 s, 45 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 15 s followed by the melting curve analysis to verify the specificity of amplified products. Primer sequences are listed in [S2 Table](#ppat.1008668.s002){ref-type="supplementary-material"}. For each sample, triplicated experiments were performed and mean Cq values were derived and calculated through the ΔΔCt method \[[@ppat.1008668.ref056]\]. Marine medaka *β-actin* was used as the reference.

Transmission electron microscopy (TEM) {#sec027}
--------------------------------------

Cell samples and ultrathin sections for TEM were prepared as described previously \[[@ppat.1008668.ref057]\]. Cells were collected and fixed at 4°C for 24 h with 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) and 2.0% osmium tetroxide in 0.1 M PBS in turn, ultrathin sections were observed under a Philips CM10 transmission electron microscope.

Survival assay {#sec028}
--------------

The survival rate was calculated in healthy marine medaka. Marine medaka were divided into two groups: the MmHSP90ab1 group and the His group (n = 30). Correspondingly, RGNNV (100 TCID~50~) was incubated with purified His-tagged MmHSP90ab1 recombinant protein or His protein for 4 h at 4°C, then the mixtures were injected into two groups of marine medaka separately. The negative control group of fishes were injected with the same volume of PBS. The survival rate of each group was recorded every day by counting the numbers of dead marine medaka. The log-rank test method was used to analyze the differences between groups. *p* \< 0.001, \*\*\*.

Clathrin inhibitor assay {#sec029}
------------------------

hMMES1 cells or MmHSP90ab1-overexpressing HEK293T cells were treated with different concentrations (20, 40, and 60 μM) of CPZ for 2 h, then infected with RGNNV (MOI = 10) for 1 h at 4°C. Next, the cells were washed to remove any unbound viruses and incubated at 28°C for 4 h. DMSO was used as control. Total RNA of cells was extracted for qRT-PCR detection.

Statistical analysis {#sec030}
--------------------

All statistics from qRT-PCR detection in this study were carried out using SPSS version 20. One-way ANOVA was used to determine the differences between groups. *p* \< 0.05 was considered to be statistically significant and *p* \< 0.01 was considered highly significant.

Supporting information {#sec031}
======================

###### Summary of CP-interacting proteins identified by Co-IP assays followed by MS.

(XLSX)

###### 

Click here for additional data file.

###### Primers used in this study.

(XLSX)

###### 

Click here for additional data file.

###### The CL region of MmHSP90ab1 was not necessary for MmHSP90ab1-CP interaction.

HEK293T cells were cotransfected with *pCMV-Myc-CP* and *pCMV-Flag-MmHSP90ab1-NM* or *pCMV-Flag-MmHSP90ab1-NMΔ CL* for 48 h, respectively. Cell lysates were immunoprecipitated with anti-Flag abs. The immunoprecipitates and input were immunoblotted with the indicated abs.

(TIF)

###### 

Click here for additional data file.
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